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The removal of β-estradiol (E2) and α-ethinylestradiol (EE2) in biological wastewater 8 
treatment plants (WWTP) would need to be improved in order to comply with prospective 9 
Environmental Quality Standards (EQS) of 0.4 and 0.035 ng.L-1 respectively. The effluent 10 
concentration of a micropollutant in an activated sludge process is a function of the 11 
removal rate, the hydraulic retention time (HRT) and the flow pattern, which is usually 12 
overlooked.  In order to better understand this aspect, we carried out tracer studies in 13 
eight WWTPs in the UK and found that relatively modest changes in aeration tanks would 14 
translate into tangible improvements in their flow pattern. We further evaluated the 15 
degradation rates for E1 (estrone), E2, E3 (estriol) and EE2 in each WWTP and we 16 
estimated that the modification of the flow pattern would be sufficient to place effluent 17 
concentrations of E2 (23.2 L∙gVSS-1∙d-1<kbio<210 L∙gVSS-1∙d-1) far below the prospective 18 
EQS, while EE2 (0.3 L∙gVSS-1∙d-1<kbio<2.9 L∙gVSS-1∙d-1) would have to rely on river dilution 19 
for compliance. Regarding E1 and E3, with no prospective legislation, the modifications 20 
would place E3 (9.9 L∙gVSS-1∙d-1<kbio<39.5 L∙gVSS-1∙d-1) effluent concentrations easily 21 
below its predicted no-effect concentrations (PNEC = 60 ng.L-1) while for E1, (2.6 L∙gVSS-22 
1∙d-1<kbio<19.2 L∙gVSS-1∙d-1) it would very much depend on the degradation rates of the 23 
specific WWTP (PNEC = 6 ng.L-1). Improvement in flow pattern had the additional benefit 24 
of improving the effectiveness of other plausible changes in HRT or biological removal 25 
rates. Managing the flow pattern of existing WWTPs is a cost-efficient tool for managing 26 
the fate of estrogens. 27 
Keywords: Estrogens, activated sludge, plug-flow, continuously stirred-tank reactor 28 
(CSTR), hydraulic flow optimization. 29 
 30 
1. Introduction 31 
There is great concern over the risks that anthropogenic trace chemicals (micropollutants) 32 
may pose to the environment and human health. Some of the most studied and cited 33 
examples include the natural and synthetic estrogens estrone (E1), 17 β-estradiol (E2), 34 
estriol (E3) and 17 α-ethinylestradiol (EE2), which have been shown to exert harmful 35 
effects at low (ng.L-1) concentrations (EEA, 2013; Kidd et al., 2007). Concentrations of 36 
natural estrogens in crude sewage are typically in the order of tens of ng.L-1 of E1 and E2 37 
and up to hundreds of ng.L-1 of E3 (Gardner et al., 2013; Liu et al., 2015), while synthetic 38 
EE2 concentrations are typically in the order of 1 ng.L-1 (Gardner et al., 2013). E1, E2 and 39 
EE2 are included on the EU monitoring “watch list” under the Water Framework Directive 40 
(European Commission, 2018), and stringent environmental quality standards (EQS) of 41 
0.4 and 0.035 ng.L-1 respectively have been proposed for E2 and EE2 in surface waters 42 
(European Commission, 2012), not without controversy, since the threat that such 43 
concentrations pose on wild fish populations has been questioned by some authors 44 
(Hamilton et al., 2014). This situation places increasing pressure on the wastewater 45 
industry to improve the performance of wastewater treatment plants (WWTP) that are, at 46 
present, an inadequate barrier to these chemicals. 47 
The implementation of sophisticated tertiary treatment technologies (such as ozonation 48 
(Oulton et al., 2010)) is perceived as the most promising way to guarantee compliance, 49 
but the rationale and wider cost-benefits of such major investments has been brought into 50 
question since these technologies are usually energy intensive and can still produce 51 
harmful by-products (Johnson and Sumpter, 2015).  52 
Conventional activated sludge processes (ASP) are able to degrade estrogens to different 53 
extents. A recent review reported that removals ranged from -447% to 100% for natural 54 
estrogens (free estrogens might be “produced” in ASPs as a result of the cleavage of 55 
conjugated estrogens or as metabolites of other estrogens that results in “negative” 56 
removals) (Liu et al., 2015) and removal of EE2 has been reported to vary between 0% 57 
to >90% (Clara et al., 2005; Joss et al., 2004; Ternes et al., 1999). The use of percentage 58 
values alone to assess the ability of an ASP to remove harmful chemicals can be 59 
misleading; environmentally relevant risk depends on exposure to the final effluent 60 
concentrations of the harmful chemical into receiving water bodies. In fact, in the review 61 
mentioned above only 4 out of 41 WWTPs had average E2 effluent concentrations lower 62 
than the proposed EQS (0.4 ng.L-1) (Liu et al., 2015). In a survey of representative UK 63 
WWTPs, almost all effluents exceeded the proposed EQS for EE2 (0.035 ng.L-1) by an 64 
order of magnitude or more (Gardner et al., 2012). Indeed, up to 25% of the total length 65 
of European rivers has been estimated to exceed the proposed EQS (Johnson et al., 66 
2013). 67 
Estrogen removal varies between WWTPs and this suggests that the WWTP 68 
performance can be improved by modifying the design, operation or biology of the plant. 69 
The effluent concentration of any micropollutant in a WWTP is a function of the rate of 70 
removal, the hydraulic retention time (HRT) and the flow pattern. However, whilst factors 71 
affecting the rate of removal, such as the SRT, temperature or organic load, have been 72 
extensively studied (Alvarino et al., 2014; Clara et al., 2005; Joss et al., 2004; Li et al., 73 
2005a; Petrie et al., 2014; Shi et al., 2004) the flow pattern has been often neglected. 74 
There has been just one, theoretical, study (Joss et al., 2006) and no reports on full scale 75 
plants. 76 
There are well-established procedures for predicting the effluent concentration of any 77 
biodegradable pollutant in a WWTP from the HRT, the pollutants’ influent concentration 78 
and the biotransformation rate. The AS reactor is usually assumed to conform to one of 79 
two ideal flow patterns: either a continuously stirred tank reactor (CSTR, Equation 1) or 80 
plug flow (Equation 2): 81 
𝐶 =
𝐶0
(1 + 𝑘𝜏)
 
(1) 
 
 82 
𝐶
𝐶0
= 𝑒−𝑘𝜏 
(2) 
 
where C and C0 are the concentrations of estrogen (ng∙L-1) in the reactor effluent and 83 
influent respectively, τ is the hydraulic retention time in the reactor and k is the first order 84 
degradation constant (d-1). Estrogens, as well as other contaminants, have been reported 85 
to degrade according to first (or pseudo-first) order reactions (Alvarino et al., 2014; Joss 86 
et al., 2004; Li et al., 2005a; Ren et al., 2007).  87 
In a CSTR, instantaneous mixing of the influent makes the composition of the wastewater 88 
uniform through the volume of the reactor, while in a plug-flow the composition varies 89 
along the reactor (Levenspiel, 1999). First order reactions are most efficient in plug-flow 90 
reactors, but in practice, the hydraulic flow pattern of real reactors lies somewhere in 91 
between these two ideal flow patterns (Fall et al., 2012; Sánchez et al., 2016).  92 
Tracer studies are used to describe the flow in aeration tanks (Fall et al., 2012; Makinia 93 
and Wells, 2005; Sánchez et al., 2016), and there are several models in the literature able 94 
to represent non-ideal flow. Among them, the tanks-in-series model is simple and can 95 
incorporate different compartment arrangements and recycling flows (Levenspiel, 1999). 96 
This work aimed to quantify the potential for enhancing the removal of micropollutants in 97 
ASPs through the optimization of the flow pattern in the aeration tank. We used E1, E2, 98 
E3 and EE2 as model micropollutants and we tried to answer the following questions: 1) 99 
How do real reactors behave hydraulically? 2) Can the flow pattern of a real full scale 100 
activated sludge reactor be improved with relatively minor modifications? 3) If so, how 101 
much would these modifications enhance estrogen removal? For this purpose, tracer 102 
studies were carried out in eight WWTPs in order to accurately determine their flow 103 
pattern, the pseudo-first order degradation coefficient of each estrogen was obtained for 104 
each WWTP, and the results were fitted using different configurations based on the tanks-105 
in-series model. Estrogen effluent concentrations were predicted by assuming both the 106 
real reactor flow pattern and the ideal patterns mentioned previously. 107 
2. Materials and methods 108 
2.1 Chemicals 109 
Estrogen standards E1, E2, E3 and EE2 (>98% purity) were purchased from Sigma–110 
Aldrich (Irvine, UK). Deuterated labelled internal standards of estrone-2,4,16,16-d4 (E1-111 
d4), 17β-estradiol-2,4,16,16-d4 (E2-d4), 16-hydroxy-17β-estradiol-2,4-d2 (E3-d2) and 112 
17α-ethynylestradiol-2,4,16,16-d4 (EE2-d4) were purchased from C/D/N Isotopes (QMX 113 
Laboratories, Thaxted, UK) (>98% purity). HPLC grade solvents acetonitrile (AcN) and 114 
water were purchased from Rathburn Chemicals (Walkerburn, UK), while methanol 115 
(MeOH), tert-butyl methyl ether (MTBE) and ammonium hydroxide solution 5 M (NH4OH) 116 
were purchased from Sigma–Aldrich (Irvine, UK). The fluorescent dye Rhodamine WT 117 
Acros Organics, 20% solution in water (Fisher Scientific, Loughborough, UK) was 118 
selected for the tracer study due to its conservative behaviour. 119 
2.2 Wastewater Treatment Plant (WWTP) selection 120 
Eight WWTPs were selected because of their different sizes and geometries ( 121 
Table 1). 122 
Table 1. Main parameters of the studied ASPs. 123 
  PEa 
BOD 
load 
(kg/d) 
Biological reactor layoutd 
and aeration 
Influent flow 
(m3.h-1) 
RASb  
(m3.h-1) 
Reactor 
volume 
(m3) 
VSSc  
(kg.m-3) 
WWTP 1 67249 3267 
Cylindrical aeration basins 
without compartments (x2). 
Diffused air aeration. 
425 ± 117 284 ± 80 3059 1.48 ± 0.04 
WWTP 2 96701 6159 
Rectangular aeration basin 
divided in 4 lanes, 1 pass 
each. Diffused air aeration. 
696 ± 233 888 ± 307 15988 1.733 ± 0.08 
WWTP 3ae 
126914 7913 
Rectangular aeration basin 
divided in 4 lanes, 1 pass 
each. Diffused air aeration. 
1100 ± 395 1130 ± 1 9240 
2.673 ± 0.06 
WWTP 3be 1136 ± 234 1139 ± 5 9240 
WWTP 4 28957 1817 
Rectangular aeration basin 
divided in 4 lanes, 1 pass 
each. Diffused air aeration. 
270 ± 152 140 ± 4 3300 1.52 ± 0.05 
WWTP 5 222784 11809 
Rectangular aeration basin 
divided in 4 lanes, 2 
passes each. Diffused air 
aeration. 
1260 ± 1214 2524 ± 242 20736 0.97 ± 0.00 
WWTP 6 137264 13320 
Oxidation ditch. Diffused 
air aeration. 491 ± 207 255 ± 85 3051 1.87 ± 0.02 
WWTP 7 71400 4827 
Oxidation ditch (x3). 
Mechanical aeration. 862 ± 303 915 ± 107 3055 3.667 ± 0.01 
WWTP 8 209000 11453 
Rectangular aeration 
basin, 3 passes. Diffused 
air aeration. 
540 ± 120 346 ± 84 6525 2.873 ± 0.06 
aPopulation equivalent, bReturn activated sludge, cVolatile suspended solids, dAll rectangular aeration basins divided 
in lanes were perceived as plug-flow by the water companies as they had high length to width ratios. eWWTP 3a and 
3b before and after upgrade, respectively. All flows reported with standard deviations. VSS reported with standard 
error of the mean. 
 124 
2.3 Concentrations of estrogens reaching secondary treatment 125 
In order to estimate the concentration of E1, E2 and E3 reaching secondary treatment in 126 
each WWTP, data of BOD load and dry weather flow (DWF) were fed into a model 127 
previously developed for the estimation of natural estrogens in WWTP influents (Dotan et 128 
al., 2017). Concentrations of EE2 were estimated according to the UK per capita load and 129 
considering each plant’s population equivalent (PE) and DWF (Green et al., 2013). Finally, 130 
these concentrations were corrected to account for deconjugation and biotransformation 131 
during primary treatment as done elsewhere (Gardner et al., 2013). An example of the 132 
application of these models is shown in the Supporting Information (Table S1). Modelled 133 
influent concentrations are in the same range of those reported in the literature (Gardner 134 
et al., 2013; Liu et al., 2015). 135 
2.4 Biotransformation rates 136 
The biotransformation rates were obtained from a series of experiments carried out in 137 
batch systems with an active volume of 0.5 L. Each bioreactor was spiked with a mixture 138 
of E1, E2, E3 and EE2 in MeOH to a final concentration of 100 µg.L-1 of each estrogen. 139 
In order to avoid any influence of the solvent, the reactors were spiked and left for 30 140 
minutes under a fume hood to evaporate before adding the AS. The batches were placed 141 
in an incubator for 72 h at a constant temperature of 15 ᵒC, and continuously mixed to 142 
maintain aeration. Triplicate 1 mL samples were taken at 0, 0.3, 0.6, 1, 2, 4, 8, 12, 24, 48 143 
and 72 h and cleaned-up by solid-phase extraction (as adapted from Ross et al. (2017), 144 
details in the Supporting Information, (Table S2). Two sets of samples were taken from 145 
the bioreactor at each time point; for the first set of samples, 1.2 mL samples were 146 
centrifuged at 12,000 × g and, and subsequently, 1 mL of the aqueous phase of these 147 
samples was processed for analysis (with this set of samples we measured the 148 
concentration of estrogens in the aqueous phase). For the second set, 1 mL of sample 149 
from the bioreactor was processed straight away in order to obtain the total concentration 150 
of estrogens in the aqueous and solid phases jointly as previously done by Joss et al. 151 
(2004). The concentration of estrogens in the solid phase was calculated by subtracting 152 
the aqueous concentration from the total concentration. Abiotic loss was taken into 153 
account with a control reactor in which the mixture of estrogens was spiked in 0.5 L of 154 
distilled water instead of AS. Background concentration of estrogens was taken into 155 
account with a non-spiked control reactor. Deuterated standards of all estrogens were 156 
spiked in the samples to account for losses or gains during sampling processing and from 157 
matrix interference. 158 
2.5 Analytical methods 159 
Estrogen concentrations were determined using LC-MS/MS consisting of a Waters 160 
Acquity UPLC™ system (Waters Corp., Milford, MA, USA) coupled to a Xevo TQ-S™ 161 
triple quadrupole mass spectrometer (Waters Micromass, Manchester, UK), equipped 162 
with ESI interface (Waters, Watford, UK). The mass spectrometer was operated in the 163 
negative electrospray ionization mode using multiple reaction monitoring (MRM). 164 
Chromatographic separation was achieved using a BEH C18 Column with pore size 130Å, 165 
particle size 1.7 µm, ID 2.1 mm and length 100 mm. The concentrations of the estrogens 166 
in the samples were calculated relative to the deuterated standards using the software 167 
MassLynx v4.1. The method parameters are detailed in the Supporting Information (Table 168 
S3). 169 
2.6 Tracer studies methodology and results analysis 170 
In each WWTP, a Seapoint fluorometer (Brentwook, USA) with a detection limit of 0.2 171 
µg.L-1 was installed in the outlet of the aeration tank and set up to take one measurement 172 
every minute. An amount of the fluorescent tracer (depending on the volume of the tank) 173 
was poured as a single pulse in the inlet to give a final concentration of 10 µg.L-1. In 174 
aeration tanks that were divided into lanes (see Figure S4 in the Supporting Information) 175 
it was physically impossible to access the point before the flow splits, so only one of the 176 
lanes was used for the tracer study (all the lanes were identical, having the same 177 
geometry and flow pattern). Each tracer study lasted between 22 and 24 hours, and flow 178 
data (influent and RAS) were taken from the supervisory control and data acquisition 179 
(SCADA) system during the whole period of the tracer studies. In each tracer study, a 5 180 
L sample of mixed liquor was transported to the laboratory to calibrate the fluorometer 181 
and measure its background fluorescence. 182 
From the Cpulse curve (concentration of tracer over time obtained from the readings of the 183 
fluorometer) the average time of passage (𝑡?̅?𝑏𝑠) (equivalent to the theoretical hydraulic 184 
retention time) was calculated as follows: 185 
𝑡?̅?𝑏𝑠 =  
∑ 𝑡𝑖𝐶𝑇,𝑖∆𝑡𝑖
∑ 𝐶𝑇,𝑖∆𝑡𝑖
 (3) 
where CT is the concentration of the tracer (µg.L-1) at every time point ti (s). 186 
The Cpulse curves were compared to different models using Aquasim 2.1 g (Reichert, 1994) 187 
based on the tanks-in-series model and using the volumes and flows from each WWTP ( 188 
Table 1). The tanks-in-series model considers any reactor as a number of N consecutive 189 
tanks in series, in such a way that when N=1, the system behaves like a CSTR, and when 190 
N tends to infinity, the system behaves as a plug-flow (Levenspiel, 1999). Influent flows, 191 
return activated sludge (RAS), surplus activated sludge (SAS) and reactor volumes, as 192 
well as the mass of the tracer recovered in each study were fed into each model. As an 193 
example, the initial layout of WWTP3 and its configuration implemented in the software 194 
are shown in Figure 1 A and B (for all the other WWTP see the Figure S4 in the Supporting 195 
Information). The analysis proceeded as follows: each WWTP’s first simulation 196 
considered each lane (or tank) as one CSTR; subsequently, each lane (or tank) was 197 
divided into 2, 3, and so on CSTRs according to the tanks-in-series model. Although in 198 
theory a plug-flow reactor is equivalent to an infinite number of tanks in series, in practice, 199 
plug-flow behaviour has been reported for values of N as low as 2-12 tanks in series 200 
(Metcalf & Eddy, 2003; Tsai and Chen, 2013). Therefore, a conservative value of N=30 201 
tanks in series was used to model a pure plug-flow in each lane. The models produced 202 
use very basic configurations for the reactors, relying on the geometry of the tanks. 203 
Configurations that are more sophisticated would produce a better fit but were considered 204 
unnecessary for the purpose of this study. 205 
2.7 WWTP upgrade 206 
WWTP3 was upgraded in order to provide extra capacity required by a growing population. 207 
The upgrade consisted of the construction of three concrete baffles in the front of the tank 208 
and the installation of a combination of a Fine Bubble Diffused Aeration (FBDA) system 209 
(Aquaconsult AEROSTRIP® diffusers) to replace disc aerators and an Integrated Fixed-210 
Film Activated Sludge (IFAS) system (ELIQUO HYDROK, Barnsley, UK) (Figure 1 A). 211 
The IFAS system consisted on four sets of textile mobile curtains (Biotextil Cleartec®, 212 
Jäger Umwelt-Technik) set parallel to the flow and attached to removable frames. Two 213 
tracer studies were carried out in this WWTP, i.e. before and after modifications, in order 214 
to find if the hydrodynamics would change perceptibly. 215 
2.8 Modelling estrogen effluent concentrations in WWTPs 216 
Once the best-fit tanks-in-series hydrodynamic model for each WWTP was selected, the 217 
degradation of estrogens was included in the model. In order to obtain the biodegradation 218 
rates for each estrogen in each degradation experiment, a model considering parallel 219 
biodegradation and sorption similar to the one described by Joss et al. (2004) was chosen 220 
to fit the experimental data. In this model, which assumes biodegradation takes place 221 
exclusively in the aqueous phase, and describes both biodegradation and adsorption as 222 
pseudo first order kinetics processes, the mass flux of estrogen in the solid and aqueous 223 
phases would be described as follows: 224 
𝑑𝐶𝑠
𝑑𝑡
= 𝑘𝑎𝑑
′ ∙ 𝐶𝑎𝑞 − 𝑘𝑑𝑒𝑠
′ ∙ 𝐶𝑠              (4) 
−
𝑑𝐶𝑎𝑞
𝑑𝑡
= 𝑘𝑏𝑖𝑜
′ ∙ 𝐶𝑎𝑞 + 𝑘𝑎𝑑
′ ∙ 𝐶𝑎𝑞 − 𝑘𝑑𝑒𝑠
′ ∙ 𝐶𝑠              (5) 
with 𝑘𝑎𝑑
′ = 𝑘𝑎𝑑  𝑉𝑆𝑆 , 𝑘𝑑𝑒𝑠
′ = 𝑘𝑑𝑒𝑠 𝑉𝑆𝑆  and 𝑘𝑏𝑖𝑜
′ = 𝑘𝑏𝑖𝑜 𝑉𝑆𝑆 , where Cs is the amount of 225 
estrogen adsorbed to the solid phase per reactor volume (g∙L-1), Caq is the concentration 226 
of estrogen in the aqueous phase (g∙L-1), kad is the pseudo-first order adsorption constant 227 
(L∙gVSS-1∙d-1), kdes is the pseudo-first order desorption constant (L∙gVSS-1∙d-1), kbio is the 228 
pseudo-first order biotransformation constant (L∙gVSS-1∙d-1) and VSS are the volatile 229 
suspended solids (g∙L-1). However, since, as previously observed (Joss et al., 2004), 230 
adsorption was instantaneous, only kdes and kbio had to be estimated (estimates and 231 
methodology in section S5 in the Supporting Information). The influent concentrations of 232 
E1, E2, E3 and EE2 implemented in the hydraulic models were those obtained as detailed 233 
in section 2.3. 234 
For each WWTP, the removal of estrogens in the reactor was modelled according to 235 
different hydraulic scenarios: firstly, using the current hydrodynamics; secondly, 236 
assuming a hypothetical modification equivalent to that in WWTP3 (assuming no 237 
concomitant change in the biology); and lastly, considering the reactor as an ideal plug-238 
flow. 239 
3. Results and discussion 240 
3.1 Hydraulic performance and efficiency of activated sludge processes in WWTPs 241 
Table 2 shows the results from the tracer studies and influent-modelled concentrations of 242 
estrogens. The experimental Cpulse curve and visual best fits to the tanks-in-series model 243 
for WWTP3 are shown in Figure 1 C (for all the other WWTP see the Figure S4 in the 244 
Supporting Information); these provide the number of tanks in series shown in Table 2. 245 
Table 2. Results of the tracer studies and modelled influent estrogen concentrations (Dotan et al., 2017; Gardner et 246 
al., 2013; Green et al., 2013). 247 
  
Number 
of tanks 
in seriesa 
(N) 
Theoretical 
HRTb (h) 
Observed 
HRTb (h) 
Modelled E1 
concentration 
(ng.L-1) 
Modelled E2 
concentration 
(ng.L-1) 
Modelled E3 
concentration 
(ng.L-1) 
Modelled EE2 
concentration 
(ng.L-1) 
WWTP 1 1 8.6 ± 1.3 6.5 50.4 12.3 258.5 1.8 
WWTP 2 1-2 10.1 ± 1.8 7.6 52.8 13.1 307.9 1.4 
WWTP 3 1-2 4.1 ± 0.7 5.6 45.9 11.5 281.6 1.3 
WWTP 4 1-2 8 ± 2.7 7.5 42.2 10.2 192.4 1.2 
WWTP 5 5 5.4 ± 1.7 5.4 107.6 27.9 861.6 1.4 
WWTP 6 1 4.1 ± 1.2 5.2 79.5 20.2 541.5 1.4 
WWTP 7 1 5.16 ± 0.9 6.1 56.0 13.8 310.9 1.4 
WWTP 8 1 7.36 ± 1.2 7.2 57.4 14.5 379.2 1.8 
aWhere the aeration tanks are divided into lanes, N refers to the hydraulic behaviour for each lane (see section 2.6). 
bHydraulic Retention Time. Theoretical HRT was calculated as the daily average HRT (h) = Volume of the aeration 
tank (m3)/ Flow rate (m3.h-1) and it is reported with the standard deviation.  
 248 
Figure 1. (A) Schematic diagram of the aeration tank of WWTP3 (subsequent modifications in dashed lines). (B) 249 
WWTP3’s configuration implemented in Aquasim (Reichert, 1994). (C) Experimental Cpulse curve for the tracer study in 250 
WWTP3 before modifications and fitting to the tanks-in-series model. (D) Experimental Cpulse curve for the tracer study 251 
in WWTP3 after modifications and fitting to the tanks-in-series model. 252 
 253 
Although the geometries of the plants were very different, the hydraulic performance of 254 
most of the AS processes were quite similar.  All the WWTPs, apart from WWTP 5, 255 
behaved like 1 to 2 tanks in series (N=1-2).  Presumably, the aeration of ASPs promotes 256 
mixing, and CSTR-like behaviour, and overcomes any effects imposed by the geometry 257 
of the plant. 258 
In most cases, the observed and theoretical HRTs were similar (the measured value fell 259 
within the variability expected due to inlet and RAS flow fluctuation, Table 2). However, 260 
in WWTPs 1 and 2 the observed HRT was substantially shorter than the theoretical value, 261 
which suggests that there was either short-circuiting or dead volume in the reactor 262 
(Levenspiel, 1999). On the other hand, in WWTP3 the observed HRT was higher than 263 
expected, suggesting that either the wrong reactor volume or wrong flow was used in the 264 
model. This discrepancy may happen because only daily average RAS flow data were 265 
available for WWTP3, rather than the fifteen-minute RAS flow data available for all other 266 
WWTPs. 267 
The fortuitous modification of the aeration tank in WWTP3 changed the hydraulic 268 
behaviour therein. The peak of the Cpulse curve moved from 1.45 h to 2.33 h (Figure 1 C 269 
and D) and the shape of the curve was more symmetrical, meaning the aeration tank is 270 
more plug-flow-like (Levenspiel, 1999). Likewise, the fitting to the tanks-in-series model 271 
showed a change from 1-2 to 5 tanks in series. 272 
3.2 Influence of hydraulic performance on modelled effluent concentrations 273 
There was a >15-fold variation between WWTPs in the modelled estrogen effluent 274 
concentrations for E1, E2 and E3, while the variation was 3-fold for EE2 (Figure 2). 275 
Obviously, effluent concentrations decreased as the number of tanks in series increased 276 
(Figure 2). More importantly a very modest improvement, from 1-2 tanks to 5 tanks, had 277 
a substantial impact on effluent quality showing that meaningful improvements in 278 
performance can be made without attaining perfect plug-flow. Some WWTPs had a 279 
greater intrinsic ability to degrade certain estrogens than others. The pseudo-first order 280 
degradation rates (kbio) (Figure 2) obtained from the degradation experiments, which were 281 
used to predict effluent concentrations for E1, E2, E3 and EE2, varied between WWTPs 282 
by about one order of magnitude, and were in the same range of the rates obtained in 283 
previous studies (Alvarino et al., 2014; Blair et al., 2015; Li et al., 2005b; Petrie et al., 284 
2014; Shi et al., 2004). However, this variability is not systematic, i.e. there is not a single 285 
WWTP better at removing all the four estrogens. This difference in the degradation rates 286 
implies that the biological degradation process could, in principle, be substantially 287 
improved, presumably by optimizing other parameters that affect kbio, e.g. SRT. 288 
  289 
 290 
Figure 2. Modelled effluent concentrations of E2, EE2, E1 and E3 according to their flow pattern and pseudo-first order 291 
degradation rates (kbio, L∙gVSS-1∙d-1). The error bars indicate the variability due to diurnal flow fluctuation. The dashed 292 
lines indicate the putative EQS for E2 and EE2 and proposed PNEC for E1 and E3. 293 
 294 
E2 is an easily degradable compound (23.2 L∙gVSS-1∙d-1 < kbio < 210 L∙gVSS-1∙d-1, the 295 
highest removal rates of all the estrogens). In fact, greater than 95% removal was 296 
achieved in the WWTPs irrespective of their flow pattern (Figure S6 in the Supporting 297 
Information), which is in agreement with many previous studies (Chimchirian et al., 2007; 298 
Clara et al., 2005; Hashimoto et al., 2007; Zhou et al., 2012). Still, some of these studies 299 
detect E2 in effluents at concentrations ranging 1-2 ng.L-1 (Chimchirian et al., 2007; Zhou 300 
et al., 2012), which are above the proposed EQS (0.4 ng.L-1). In the present study, the 301 
modelled effluent concentration of E2 in WWTPs 1, 3 and 6 would not necessarily meet 302 
the putative EQS at all times based on their current hydraulic performance. WWTP 3, 303 
whose E2 degradation rate is the lowest of the WWTPs, benefited from the modification; 304 
going from an effluent concentration of 0.32 ± 0.12 ng.L-1 with the old geometry, to 0.04 305 
± 0.03 ng.L-1 that would allow it to comply with the putative EQS despite the observed 306 
variability due to diurnal flow fluctuations (Figure 2).  307 
This predicted effluent concentration neglects any additional biological benefit that the 308 
IFAS and new aeration system may also confer. WWTP1 and WWTP6 would also benefit 309 
from similar modifications; an improvement to five tanks in series would guarantee 310 
compliance to the E2 EQS for both WWTPs.  311 
EE2 is the most recalcitrant of the four estrogens (0.3 L∙gVSS-1∙d-1 < kbio < 2.9 L∙gVSS-1∙d-1). 312 
In fact, the 0.035 ng.L-1 putative EQS (0.035 ng.L-1) would not be reached in any of the 313 
WWTPs studied here even with an ideal plug-flow, which agrees with previous findings 314 
from a survey across 162 UK WWTPs that showed that all WWTPs would need significant 315 
dilution (7 to 33 times dilution depending on the WWTP) by receiving waters in order to 316 
reach the proposed EQS (Gardner et al., 2012). However, this does not necessarily mean 317 
that the prospective EQS would not be achievable, since the median annual dilution factor 318 
in UK rivers has been predicted to be 37 (Keller et al., 2014). However, dilution is not a 319 
very satisfying method of protecting the environment. For WWTP7 and WWTP8, 320 
optimization to plug-flow would translate to an approximate 50% reduction in EE2 effluent 321 
concentration. This is the result of a combination of factors; not only were the kbio higher 322 
for these plants, but they also operated at high solids concentrations ( 323 
Table 1). However, it is noticeable that for the majority of the WWTPs, improvement in 324 
EE2 final effluent concentrations through hydraulics alone is negligible.  325 
With the current flow pattern, the required kbio for EE2 to ensure an effluent concentration 326 
lower than the 0.035 ng.L-1 putative EQS would vary between 22.9 ± 2.6 L∙gVSS-1∙d-1 327 
(WWTP2) to 83.6 ± 32.1 L∙gVSS-1∙d-1 (WWTP6) (Figure 3). However, a more efficient flow 328 
pattern would substantially lower the minimum kbio required for compliance (from 6.2 ± 329 
1.6 L∙gVSS-1∙d-1 in WWTP7 to 18 ± 5.1 L∙gVSS-1∙d-1 WWTP6), which could be optimised by 330 
modifying other parameters, e.g. SRT. This further emphasizes the importance of the 331 
hydraulic flow pattern to the biological removal of micropollutants: a more efficient 332 
hydraulic behaviour reduces the required improvements in biology. 333 
 334 
Figure 3. kbio required in each WWTP to ensure EE2 compliance according to their flow pattern. The error bars indicate 335 
the variability due to diurnal flow fluctuations. 336 
There are currently no proposed EQS for E1 and E3, and only a few studies address their 337 
effect on aquatic organisms. Nonetheless, PNECs of 6 ng.L-1 and 60 ng.L-1 respectively 338 
have been suggested for both compounds based on in vivo vitellogenin potency data 339 
(Caldwell et al., 2012). E3 is relatively easily degradable (9.9 L∙gVSS-1∙d-1 < kbio < 39.5 340 
L∙gVSS-1∙d-1) and, except for WWTP 6, the current flow pattern in all WWTPs would be 341 
enough to guarantee an effluent concentration below the proposed PNEC. WWTP 6, 342 
however, would be able to meet the PNEC most of the time if the flow pattern was 343 
changed to five tanks in series. It is worth mentioning that WWTP3, WWTP6 and WWTP7 344 
have similar pseudo-first order degradation rates, (11.7, 9.9 and 13.8 L∙gVSS-1∙d-1 345 
respectively), but a higher solids concentration ( 346 
Table 1) allows WWTP 3 and WWTP7 to comfortably meet the PNEC. This highlights the 347 
important role of biomass concentration in the optimization of micropollutant degradation 348 
in ASPs. 349 
E1 is less biodegradable (2.6 L∙gVSS-1∙d-1 < kbio < 19.2 L∙gVSS-1∙d-1) and between 56% and 350 
100% was removed (Figure S2). Only WWTP 7 would initially meet the 6 ng.L-1 PNEC, 351 
but other WWTPs would potentially go below that concentration after modification to 5 352 
tanks in series; in fact, this would be enough to place WWTP 8 below the PNEC. WWTPs 353 
2 and 6 would also benefit from the modification, but their compliance would still be limited 354 
by the flow variation. Although an EQS has not been proposed for E1, its contribution to 355 
the total estrogenicity of wastewater should not be disregarded (Caldwell et al., 2012) 356 
because of its potency and typically elevated influent concentrations compared to E2 and 357 
EE2. 358 
3.3 Engineering implications 359 
If we wish to proactively engineer the removal of micropollutants in WWTP we must 360 
consider the flow pattern, the first order removal rate, the hydraulic retention time, the 361 
load and the desired EQS.  The flow pattern is an essential and overlooked element. In 362 
this paper we have demonstrated that accurate knowledge of reactor hydraulics is 363 
essential to understanding both the performance of a reactor and the potential for 364 
improving that performance.  365 
In general, we found that the higher the kbio, the more leeway for improvement from 366 
hydrodynamics, up to the point where kbio was so high that complete degradation is 367 
achieved anyway. Thus, for easily degradable compounds like E2 and E3, and to a lesser 368 
extent E1, a slight modification of the reactor would lead to significant reductions in the 369 
final effluent concentrations. This is important because it would apply to all pollutants, 370 
including some harmful substances whose kbio are in a similar range. However, the 371 
usefulness of hydrodynamic improvements will depend on the proposed EQS or PNECs 372 
of any given substance. Simply increasing the HRT in these WWTPs would have ensured 373 
compliance of some (E2 and E3) but not all (E1 and EE2) compounds (Table 3).  374 
Table 3. Required HRT to meet putative EQS/PNEC for estrogens with a) current and b) slightly modified flow pattern 375 
for the WWTPs in this study. 376 
  HRT (h) required for EQS and PNEC compliance 
   a) Current flow pattern b) Modified flow pattern (N=5) 
  E2  EE2  E1  E3  E2  EE2  E1  E3  
WWTP 1 7.1 389 27 1.3 1.6 71 13 0.8 
WWTP 2 4.4 201 12 1.6 1.7 72 8 1.3 
WWTP 3 5.0 528 10 1.7 2.0 195 6 1.2 
WWTP 4 2.8 155 24 0.9 1.1 49 15 0.7 
WWTP 5 1.3 433 55 4.1 0.8 258 36 2.7 
WWTP 6 5.3 1247 14 10.0 0.9 245 5 4.4 
WWTP 7 1.7 90 2 1.3 0.4 21 1 0.8 
WWTP 8 4.4 147 7 1.3 1.0 27 4 0.8 
 377 
Crucially, a small improvement in the efficiency of the flow pattern can make changes in 378 
HRT much more effective. In a plug-flow reactor, the relationship between the 379 
concentration of pollutants (C) and HRT is exponential (Eq. 1), which means that a 380 
modification in the HRT will have a greater impact on effluent concentrations in a plug-381 
flow reactor than in a CSTR. Thus, modest modifications to optimise the flow pattern from 382 
1 to 5 tanks in series would also result in a greater sensitivity of final effluent 383 
concentrations to small changes in HRT. The HRT required for compliance decreases 384 
dramatically when simulating the aeration tanks with the aforementioned upgrade to 5 385 
tanks in series (Table 3). This means that after such modifications, all the WWTPs except 386 
WWTP5 could meet the PNEC for E1 by implementing a longer HRT that still falls inside 387 
those considered typical for ASPs (Metcalf & Eddy, 2003) and WWTPs 7 and 8 could 388 
meet the EQS for EE2 with a high but still reasonable HRT. These sensitivities to HRT 389 
variations further emphasize the benefits of optimizing the hydrodynamics of aeration 390 
tanks.  In the future one could envisage the use of CFD in also helping to achieve this 391 
task. A consideration of hydrodynamics can improve performance directly and “lowers the 392 
bar” for effective improvements in removal rates based on other factors that can optimize 393 
kbio such as the solids retention time, or indeed may help to reduce ozonation 394 
requirements if tertiary treatment is deemed necessary.  395 
Clearly, understanding and improving the removal of EE2 is an important and urgent task.  396 
4. Conclusions 397 
The current work aimed to quantify the role of flow pattern in aeration tanks on the removal 398 
of estrogens in full-scale WWTPs. The results indicate that there is leeway for improving 399 
biological degradation by an initial adequate design or even by some minor modifications 400 
to existing plants to promote more plug-flow like behaviour: 401 
• The hydraulic behaviour of the majority of the AS reactors in this study was more 402 
similar to a CSTR than to a plug-flow reactor despite their different geometries. 403 
• Slight modifications in the geometry of a full-scale aeration tank caused an 404 
improvement in its hydraulic behaviour from 1-2 to 5 tanks-in-series, turning it into 405 
a more plug-flow like reactor.  406 
• These modifications would, in theory, have a substantial impact on effluent quality, 407 
enhancing the removal of the natural estrogens and leading to the compliance of 408 
E2 to the putative EQS.  409 
• Effluent concentrations of the synthetic EE2 would not be significantly reduced with 410 
these modifications, and WWTPs would have to rely on river dilution in order to 411 
meet the 0.035 ng.L-1 putative EQS. However, a more efficient flow pattern would 412 
substantially lower the minimum kbio required for EE2 compliance of (from 6.2 ± 413 
1.6 L∙gVSS-1∙d-1 in WWTP7 to 18 ± 5.1 L∙gVSS-1∙d-1 WWTP6).  414 
• A more plug-flow hydraulic behaviour would also result in a greater sensitivity of 415 
final effluent concentrations to small changes in HRT, further emphasizing the 416 
importance of the hydraulic flow pattern to the biological removal of micropollutants 417 
and the benefits of optimizing the hydrodynamics of aeration tanks. 418 
• Reactor hydraulic optimization can provide a tool to minimize the effluent 419 
concentrations for the most easily degradable estrogens and alleviate the need for 420 
advanced oxidation processes. 421 
 422 
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